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CELLULAR AND MOLECULAR BIOLOGY
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Using two MYCN transgenic mouse strains, we established 10
transplantable neuroblastoma cell lines via serial orthotopic
passage in the adrenal gland. Tissue arrays demonstrate that
by histochemistry, vascularity, immunohistochemical staining
for neuroblastoma markers, catecholamine analysis, and
concurrent cDNA microarray analysis, there is a close
correspondence between the transplantable lines and the
spontaneous tumors. Several genes closely associated with the
pathobiology and immune evasion of neuroblastoma, novel
targets that warrant evaluation, and decreased expression of
tumor suppressor genes are demonstrated. These studies
describe a unique and generalizable approach to expand the
utility of transgenic models of spontaneous tumor, providing
new tools for preclinical investigation.
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INTRODUCTION

Despite dramatic success in the treatment of children with
many hematologic malignancies, the prognosis of patients
with solid tumors including metastatic osteogenic sarcoma,
Ewing’s sarcoma, and neuroblastoma remains poor overall
(1). Among these tumors, neuroblastoma is the most com-
mon extracranial solid tumor in children (1). Despite recent
progress in the treatment of high-risk neuroblastoma patients
using regimens that include surgery, radiotherapy, multia-
gent chemotherapy with hematopoietic reconstitution, and
various biologics to eradicate minimal residual disease, the
prognosis of these children is poor overall (2–4). There re-
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mains an urgent need then for the development of new ther-
apeutic approaches for these high-risk patients. To more ef-
fectively investigate the biology of neuroblastoma tumors and
define new strategies for treatment, a significant need exists
for expanded flexibility in the scope of existing preclinical
model systems (5).

Current preclinical neuroblastoma models empha-
size transplantable human tumor cell lines implanted as
xenografts into immunodeficient mice, often in a het-
erotopic subcutaneous site (5). Xenograft models offer
obvious advantages for investigating small molecule agents
that act directly on targets within the tumor cell itself,
and where dosing is guided predominantly by pharma-
cokinetic/pharmacodynamic considerations. Nonetheless,
xenograft models may be less informative or inappropri-
ate in some situations. These include the investigation of
therapeutic agents that depend on the presence of an intact
immune system or protein-based therapeutics that modulate
targets in the host, where efficacy may be compromised by
species-specific barriers to interaction between the agent
and its target(s). In these circumstances, syngeneic models
of murine neuroblastoma using cell lines such as NSX2
(generated from a fusion to C57/BL6 ganglia and thereby
actually an allogeneic model) (6, 7), Neuro-2a (8, 9), and
TBJ (10, 11) have been used most extensively. Despite their
broad use in syngeneic transplantable tumor models, these
lines have not been well characterized with respect to their
histopathologic and molecular features. Further, despite the
relationship between the presence of MYCN amplification
with neuroblastoma tumors and adverse biologic features
and outcome for patients with neuroblastoma (12, 13), the
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relationship of MYCN to the origin and pathobiology of
existing murine neuroblastoma cell lines remains unclear.

To establish a model of spontaneous murine neurob-
lastoma with more clearly defined molecular features, a
MYCN transgenic mouse has been developed and charac-
terized (14). In these mice, tissue-specific overexpression
of the MYCN oncogene under the control of a tyrosine
hydroxylase promoter induces spontaneous neuroblastoma
tumors in the adrenal glands and the paraspinal sym-
pathetic chain ganglia (14). Amplification of the MYCN
proto-oncogene has been estimated to occur in up to
30%–40% of children with advanced neuroblastoma tu-
mors (1), and the presence of MYCN amplification within
these tumors is associated with rapid disease progres-
sion and adverse prognosis (12, 13). MYCN transgenic
mice afford the opportunity to investigate the biology
and therapeutic responsiveness of spontaneous neurob-
lastoma tumors that evolve in a host conditioned by the
complete dynamic process of neoplastic progression and
tumorigenesis. Nonetheless, incomplete tumor penetrance,
heterogeneity in the timing of tumor emergence, and tech-
nical obstacles to early detection of tumors that develop
in occult sites can limit the practical utility of the MYCN
transgenic mouse model for preclinical drug development.

To address these potential limitations, we have now es-
tablished a novel panel of transplantable neuroblastoma cell
lines derived from spontaneous tumors that arise in MYCN
transgenic mice, and have conditioned these lines for or-
thotopic transplantation via serial passage in the murine
adrenal gland. The present report describes our subsequent
histopathologic and molecular profiling of orthotopic tumors
established using these lines, comparison of the lines to spon-
taneous tumors that arise in MYCN transgenic mice, and
characterization of the in vivo behavior of these tumors. Col-
lectively, these studies demonstrate that tumors established
by implantation of these cell lines closely reflect the molec-
ular features and biology of human neuroblastoma tumors,
and provide important new investigative tools for pediatric
oncology drug discovery, including novel approaches for the
treatment of neuroblastoma.

MATERIALS AND METHODS

Mouse strains
Breeder pairs of MYCN transgenic mice with the C57BL6/J
(TH-MYCN-C57BL6/J) and 129svIM/J (TH-MYCN-
129svIM/J) backgrounds were generously provided by Dr.
William Weiss (University of California-San Francisco, San
Francisco, CA), and colonies of these respective strains
were established by the breeding of MYCN+ sibling lit-
termates. These MYCN transgenic mice constitutively
overexpress the human MYCN oncogene under the control
of a tyrosine hydroxylase promoter (14). As a consequence
of tissue-specific overexpression of MYCN, these mice
develop spontaneous neuroblastoma tumors in the adrenal
gland and/or the paraspinal sympathetic chain ganglia. For
breeding purposes, MYCN expression in the respective
mice was confirmed by Southern blot analysis as described

in the following section, and the colony was maintained
by breeding MYCN-positive mice. Where indicated,
wild-type control C57BL6/J and 129sv/J mice and C57BL/6-
TgN(ACTbEGFP)1Osb transgenic mice purchased from
The Jackson Laboratory (Bar Harbor, ME) were utilized.
The C57BL6-TgN(ACTbEGFP)1Osb transgenic strain
ubiquitously overexpresses the green fluorescent protein
(GFP) under the control of a chicken beta-actin promoter
and a cytomegalovirus enhancer. GFP is easily detectable in
virtually all tissues (including vasculature) except the hair
and erythrocytes (15). For all strains, mice were maintained
under pathogen-free conditions, and animal care was
provided in accordance with the procedures outlined in the
Guide for the Care and Use of Laboratory Animals (NIH
Publication No. -23, 1985).

Southern blot analysis of MYCN expressionTail DNA was
extracted using the DNeasy kit (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s protocol and then quanti-
tated by spectrophotometry. Ten micrograms of purified ge-
nomic DNA was digested overnight with EcoRI and DNA
was resolved by agarose gel electrophoresis. The DNA was
then alkaline transferred to nylon membranes (Nytran Su-
PerCharge, Schleicher and Schuell, Keene, NH) using a rapid
downward transfer system (Turboblotter, Schleicher and
Schuell, Keene, NH), using manufacturer’s protocol. A hu-
man MYCN cDNA (gift of W. Weiss) insert was gel purified
and labeled using the random primer method (rediprime II,
Amersham Pharmacia Biotech, Piscataway, NJ). Membranes
and probe were hybridized at 42◦C overnight in 50% for-
mamide, 10% dextran sulfate, and 1% SDS (Hybrisol I, Sero-
logicals Corporation, Norcross, GA) followed by high strin-
gency wash at 65◦C with 0.2XSSC/0.2% SDS and autoradio-
graphed according to standard protocols. Under these condi-
tions, a single strong EcoRI-hybridized fragment is detected
at 1.8 kilobases, representing the human MYCN transgene
with no cross hybridization to nontransgenic DNA samples.

Derivation of POB CM and POB UN series orthotopic
transplantable neuroblastoma cell lines
To establish the respective POB UN and POB CM series
transplantable neuroblastoma cell lines derived from spon-
taneous tumors in MYCN transgenic mice, cohorts of mice
with the C57BL6/J (TH-MYCN-C57BL6/J) and 129svIM/J
(TH-MYCN-129svIM/J) backgrounds were monitored for
the emergence of spontaneous tumors. When a spontaneous
tumor was detectable by palpation and/or abdominal dis-
tension, mice were euthanized and individual spontaneous
tumors were resected, physically disaggregated, and filtered
through sterile mesh to produce single cell suspensions in
phosphate-buffered saline (PBS). Cohorts of 5–10 syngeneic
wild-type C57BL6/J or 129svIM/J mice were subsequently in-
jected intra-adrenally as described next with 2.0 × 105 to 5.0
× 105 tumor cells in 30 µL PBS (POB UN series and POB CM
series, respectively). The resulting cohort of tumor-bearing
mice was then euthanized via CO2 asphyxiation, tumor was
resected, and pooled single cell suspensions were prepared
as described earlier in the article. This process was repeated
4–5 times until 100% tumor take for a given line was estab-
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lished with successive passages, and large stocks of cells were
then cryopreserved utilizing standard techniques. Thus, all
tumors were of a similar in vivo passage number. To perform
the comparative molecular and histopathologic studies de-
scribed next, tumor cells were then implanted as described
earlier and then subjected to 4–5 serial passages in cohorts
of 12 wild-type C57BL6/J and 129svIM/J mice for POB UN
and POB CM series cell lines, respectively. Mice bearing well-
established tumors were then euthanized and tumors were re-
sected and preserved for subsequent histologic or molecular
studies by either snap freezing on dry ice, embedding in OCT,
fixation in 70% ethanol or formalin, or fixation in a solution
consisting of 4% paraformaldehyde, 2% glutaraldehyde, and
0.1 M sodium cacodylate for electron microscopy as specified
later in the article. Matched normal tissues including spleen,
liver, brain, lung, heart, and skin were also harvested from
syngeneic mice and were preserved under similar conditions.

In vivo tumor models
Orthotopic intra-adrenal POB CM and POB UN series tu-
mors were established by surgical exposure and direct injec-
tion of tumor cell suspension into the adrenal gland (2×105

cells in 30 µL PBS) of syngeneic 129svIM/J and C57BL6/J
mice, respectively, using methods we have described pre-
viously in detail (16, 17). Disseminated tumor metastases
were established, where indicated, by injection of 2×105 tu-
mor cells in 200 µL PBS intravenously (IV) into the tail
vein of syngeneic mice as previously described (16, 17).
Selective hepatic metastases were established, where indi-
cated, by surgical exposure and slow direct intrasplenic in-
jection of 2.5×105 tumor cells in 500 µL PBS using meth-
ods we have previously described (17). For all molecular
and histolopathologic analyses of orthotopic intra-adrenal
transplantable tumor implants, established tumors were al-
lowed to progress to an advanced stage before harvest as de-
scribed earlier. Where indicated, lungs and livers were har-
vested from mice bearing either disseminated (IV) or se-
lective hepatic (IS)-induced tumor metastases, and organs
were then weighed and/or placed into Bouin’s fixative for as-
sessment of tumor burden. For fluorescent imaging of tu-
mor vascularity, we utilized a subline of POB UN0092 that
had been conditioned for subcutaneous (SC) implantation
by a short-term serial SC passage in sublethally irradiated
(transient immunocompromised) mice followed by serial
passage in wild-type C57BL6/J mice. These POB UN0092
cells were injected SC in the right mid-flank of C57BL/6-
TgN(ACTbEGFP)1Osb transgenic mice at a concentration of
5×106 cells in 200 µL PBS. Tumor implants were allowed to
grow for 17 days to become well established, and mice were
then euthanized and subjected to immediate in situ fixation
with retro-orbital perfusion of 4% paraformaldehyde, as pre-
viously described, to optimize preservation of the GFP sig-
nal (18). The fixed tumors were then sectioned and counter-
stained with DAPI to visualize nuclear morphology within
the respective tumor and endothelial cell populations, and
images of tumor sections were captured by fluorescence mi-
croscopy as described in the following sections. Using this
approach, tumor implants were vascularized by host-derived

vessels that constitutively express GFP (green fluorescent),
and counterstaining with DAPI allows for simultaneous
imaging of nuclear morphology (blue) within tumor sections.

Tissue array and immunohistochemistry
Tissue arrays containing sections of established POB CM
and POB UN series transplantable tumors and paired nor-
mal control tissues from these mice were constructed by
the Pathology/Histotechnology Laboratory (PHL) at NCI-
Frederick (Frederick, MD) to ensure uniformity of con-
ditions for tumors and controls. Initially, hematoxilin and
eosin-stained formalin-fixed paraffin-embedded sections of
selected tumors and paired normal control tissues (including
brain, heart, spleen, liver, lung, and skin) were examined and
representative areas were identified for core sampling. Four
to eight 0.6 mm cores per donor tissue were assembled into
the recipient block and 5-µm serial sections were obtained
for subsequent processing and staining as outlined in later
sections. TMA slides were deparaffinized with xylene, rehy-
drated with alcohol, and then subjected to antigen retrieval
by two microwave cycles (boiling) in 10 mM citrate (pH 6.0).
Formalin-fixed TMA slides were subjected to immunohisto-
chemical (IHC) staining using ABC reagent kit (Vector Lab-
oratories, Burlingame, CA) for markers commonly observed
to be expressed in human neuroblastoma tumors. Slides were
stained with antibodies including rabbit antihuman synapto-
physin (DakoCytomation, Carpinteria, CA; 1:100 dilution),
rabbit antibovine chromogranin A (Immunostar, Inc., Hud-
son, WI; 1:1,000 dilution), rabbit antimouse tyrosine hydrox-
ylase (Chemicon, Temecula, CA; 1:100 dilution), rabbit an-
timouse cyclin-dependent kinase 4 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA; 1:7,500 dilution), rabbit antirat neuro-
filament H (Chemicon, Temecula, CA; 1:500 dilution), and
rabbit antibovine neuron-specific enolase (DAKO, Carpinte-
ria, CA; 1:2,000 dilution). Immunohistochemical staining for
the vascular endothelial marker CD31 was also performed
using tumor sections preserved in OCT as described earlier
and rat antimouse CD31 antibody (Pharmingen, San Diego,
CA; 5 µg/mL).

Catecholamine analysis
Tumor specimens for each of the respective POB CM and
POB UN series cell lines and selected spontaneous MYCN
transgenic tumors, as well as tumors established using TBJ
and Neuro-2a murine neuroblastoma and Renca murine
renal cell carcinoma (as a negative control) cell lines, were
assayed for catecholamine content/production. Established
tumor specimens were resected and snap frozen for later
use. Samples of snap-frozen tumor tissues were weighed
and homogenized in a minimum of 4 volumes of ice-cold
0.4 M perchloric acid containing 0.5 mM EDTA. Tissue
homogenates were centrifuged at 4◦C, and supernatants were
then stored at –70◦C for subsequent assay of catecholamine
content. Catecholamines including norepinephrine,
epinephrine, dopamine, 3,4-dihydroxyphenylalanine
(DOPA), 3,4-dihydroxyphenylacetic acid (DOPAC), and
3,4-dihydroxyphenylglycol (DHBG) were extracted from tis-
sue supernatants using an alumina extraction procedure and
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quantified by liquid chromatography with electrochemical
detection as previously described (19).

Fluorescent imaging
Imaging of GFP-positive vasculature and DAPI-stained tu-
mor cell nuclei in POB CM and POB UN tumor sections was
carried out as previously described (20). Briefly, animals were
euthanized and tissues immediately fixed in situ by retro-
orbital perfusion with 4% paraformaldehyde. Tumors were
then resected and stored in 4% paraformaldehyde overnight
followed by equilibration in 18% sucrose/PBS at 4◦C (24 hr).
Tissues were then embedded in OCT and cryostated into
10–20 µm sections onto coverslips and counterstained with
DAPI upon final mounting. A Nikon Eclipse E400 equipped
with epifluorescence illumination was used for high-power
(100× magnification) fluorescence microscopy with the flu-
orescence excitation and emission filter combinations for
GFP, excitation source 480 nm/emission filter 505 nm, and
DAPI, excitation source 355 nm/emission filter 400 nm.

Electron microscopy
To investigate the ultrastructural histology of POB CM and
POB UN series tumors, established tumors were generated
as described earlier and then resected and preserved in fixa-
tive consisting of 4% paraformaldehyde, 2% glutaraldehyde,
and 0.1 M sodium cacodylate. Tumor specimens were then
trimmed into 3–4 mm3 pieces with a single-edged razor
blade, post fixed in 1% osmium (Stevens Metallurgical Corp.,
New York, NY), and embedded in epoxy resin LX-110 (Ladd
Research Industries, Inc., Burlington, VT). The embedded
tissue was then sectioned to approximately 50–60 nm and
mounted on a one-hole grid. The thin sections were stained
in uranyl acetate and lead citrate solution to enhance the con-
trast, stabilized by carbon evaporation in a vacuum evapora-
tor (Denton Vacuum, Inc., Moorestown, NJ), and examined
and photographed with an H7000 electron microscope (Hi-
tachi Ltd., Tokyo, Japan) as previously described (21).

Microarray analysis
To further define the molecular features of these neurob-
lastoma tumors, we utilized cDNA microarray to profile
the patterns of gene expression within both spontaneous
MYCN transgenic tumors and transplantable orthotopic
intra-adrenal POB CM and POB UN series tumors. Estab-
lished tumors and normal tissue specimens were resected
from euthanized mice as described earlier, and then snap
frozen in liquid nitrogen. Total RNA was purified using a
combination of Trizol extraction followed by Qiagen column
purification as previously described (22). RNA integrity
was validated in all samples using an Agilent Biolyzer
2100 (Agilent Technologies, Inc., Palo Alto, CA). RNA
was amplified by a modified Eberwine RNA amplification
procedure (23). Indirect fluorescent labeling of the cDNA
probes was done using the amino allyl method (24). Hy-
bridization, washing, and array scanning were performed as
previously described (25, 26). For these studies, we utilized a
murine cDNA microarray chip consisting of 19,940 detector
elements representing 13,958 nonredundant genes. A single

internal reference NIH3T3 RNA standard was used in all
hybridizations. For comparison purposes, we generated
RNA from a diverse panel of tissues to represent a normal
expression range by averaging the data from each tissue type
from 2 to 7 sets each of syngenic normal tissues including
brain, heart, lung, rib cage, spleen, liver, and kidney. To select
the genes that were highly overexpressed or underexpressed
in serial lines of neuroblastoma compared with the normal
tissue samples, the ratios of each serial line of neuroblastoma
and normal tissues over a common reference (NIH3T3 cell
line) were subjected to SAM analysis (27). Briefly, genes
with twofold difference between the mean ratios of the
respective POB CM and POB UN series tumors and those of
the normal tissues were selected with a false discovery rate of
0.0068%. The mean ratios of each kind of tissues were taken
as the representative ratio from the corresponding tissue
samples to avoid the bias of tissue types due to difference
in the number of sample datasets of the same kind included
in the analysis. Unsupervised hierarchical clustering (HC)
and principal component analysis (PCA) computations were
carried out in MATLAB (MathWorks Inc., Natick, MA).

Quantitative RT-PCR
To validate the microarray results of these neuroblastoma
tumors, we performed real-time RT-PCR using Taqman
assays on a Fluidigm system according to the manufacturer’s
real-time RT-PCR protocol (Fluidigm, San Francisco, CA)
for 24 tumors including spontaneous MYCN transgenic
tumors (CM series) as well as transplantable orthotopic
intra-adrenal from the POB CM and POB UN series tumors
and 23 normal samples as described earlier. Briefly, 200
ng of RNA was converted to cDNA using SuperScript II
reverse transcriptase (Invitrogen, Carlsbad, CA) by random
priming. Real-time RT-PCR was carried out on a 48.48
Dynamic Array using BioMark HD real-time PCR system
(Fluidigm, San Francisco, CA). Triplicates were performed
for each gene for every sample, and average Ct numbers
were calculated. Gene expression levels were represented
by normalized Ct (δCt) against GAPDH. Fold changes
were calculated as 2−��Ct using median �Ct for tumor
(n = 24) or normal tissue (n = 23) groups. Welch’s t-test
was used for the calculation of p values. Taqman gene
expression assays were purchased from Applied Biosystems
(LifeTech, Foster City, CA). Taqman assay IDs are as fol-
lows: Cdk4 (Mm00726334 s1), Slit2 (Mm00662153 m1),
Birc5 (Mm00599749 m1), Aurka (Mm01248177 m1),
Mcm2 (Mm00484804 m1), Plk1 (Mm00440924 g1),
Chek1 (Mm01176757 m1), Foxo1 (Mm00490672 m1),
Clu (Mm00442773 m1), Ccnd1 (Mm00432359 m1), and
GAPDH (Mm99999915 g1).

In vivo growth characteristics
To compare the in vivo growth characteristics of the re-
spective POB CM and POB UN series tumors, mice were
injected IA with 2 × 105 tumor cells as described earlier (10
mice per group), and were then monitored for survival. As
indicated, three mice bearing POB CM 0002 tumors and one
mouse bearing a POB UN 0451 tumor were censored from
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the analysis for nontumor-related reasons. The ability of the
respective POB CM and POB UN series cell lines to form
induced hepatic metastases was assessed in mice (10 per
group) injected with tumor cells either IV or IS as described
earlier (IS: 2.5 × 105 tumor cells/animal, IV: 2.5 × 105 tumor
cells/animal). Mice were euthanized when premoribund as
described earlier, and livers were resected and placed into
Bouin’s fixative for later inspection and determination of
metastatic disease burden.

RESULTS

Origin of transplantable cell lines
To establish the transplantable neuroblastoma cell lines, we
resected spontaneous primary intra-adrenal neuroblastoma
tumors from MYCN transgenic mice. For some tumors, sin-
gle cell tumor cell suspensions were subsequently prepared
as described in “Materials and Methods” section, and the re-
spective cell lines were conditioned for transplantation via se-
rial orthotopic intra-adrenal passage. Using this approach, we
have derived a total of 10 transplantable tumor cell lines from

tumors arising in MYCN transgenic mice with the 129svIMJ
background (POB CM series cell lines), and 5 of these re-
spective lines are included in the present report. Seven trans-
plantable tumor cell lines were derived from tumors arising
in MYCN transgenic mice with the C57BL/6J background
(POB UN series cell lines), and 5 of these lines are included
in this report.

Establishment of tissue arrays and basic morphology of
neuroblastoma tumors
We initially investigated the basic morphologic features of
established orthotopic intra-adrenal POB CM and POB UN
series murine neuroblastoma tumors. Tissue arrays were
established using formalin-fixed tumor specimens, and sec-
tions were stained with hematoxylin and eosin and imaged at
200× (Figure 1(A)) and 100× (Figure 1(B)). Hematoxylin-
and eosin-stained sections of these cell lines demonstrate
small round blue cell tumors with dense hyperchromatic
nuclei and relatively scant cytoplasm (Figures 1(A) and (B)).
Some tumor specimens (UN451) contained a mixture of
both mature differentiated elements along with large areas

Figure 1. Imaging the histology of established orthotopic POB CM and POB UN series tumors utilizing a tumor tissue array. Transplantable POB CM
and POB UN series neuroblastoma lines were established from spontaneous tumors arising in the MYCN transgenic mice with the 129svIMJ and
C57BL6/J backgrounds, respectively, as described in “Materials and Methods” section. A tumor tissue array containing these tumors and matched
normal tissues was constructed as described in “Materials and Methods” section, and then stained with hematoxylin and eosin. Panels (A) and
(B) show 200× and 100× magnified views, respectively, of representative cores for each of the POB UN and POB CM series tumors. The sections
demonstrate tumors consisting predominantly of small round blue cells with undifferentiated morphology and occasional larger differentiated cells
in some tumors.
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Figure 2. Ultrastructural histology of POB CM and POB UN series tumors imaged using transmission electron microscopy. Transplantable POB
CM and POB UN series neuroblastoma lines were established from spontaneous tumors arising in the MYCN transgenic mice with the 129svIMJ
and C57BL6/J backgrounds, respectively, as described in “Materials and Methods” section. Mice were euthanized by group and established tumors
were resected and prepared for electron microscopy as described in “Materials and Methods” section. Representative images of the respective
tumors were obtained at the indicated lower and higher magnifications, displayed in panels (A) and (B), respectively. In panel (B), characteristic
neuroblastoma features are indicated as follows: in section CM002, the black arrows point to prominent intercellular attachments; section UN411
(bottom left) shows many cell processes. Two of these processes, shown at higher magnification (bottom middle), contain filaments (horizontal
arrow), or dense core (neurosecretory) granules (vertical arrows). A cross-sectional process with dense core granules (vertical arrows) is also present
in section UN192 (bottom right).

of predominantly undifferentiated tumor cells (Figure 1(A)),
while others (CM225) were composed almost exclusively of
undifferentiated tumor cell populations (Figure 1). Tissue
arrays were also constructed using a panel of spontaneous
neuroblastoma tumors resected from MYCN transgenic
mice, and demonstrated similar histology overall (data not
shown). Thus, both spontaneous MYCN transgenic tumors
and transplantable tumors established utilizing POB CM
and POB UN series cell lines demonstrate basic morphologic
features most consistent with neuroblastoma, rather than
ganglioneuroblastoma or ganglioneuroma.

Electron micrographic characterization of ultrastructural
histology
We also utilized electron microscopy to investigate the ul-
trastructural histology of established orthotopic POB CM
and POB UN series tumors. These tumors consist predom-
inantly of undifferentiated round tumor cells with high nu-
clear:cytoplasmic ratio and frequent cytoplasmic glycogen,
primitive attachments, and mitoses within the respective tu-
mor specimens (Figure 2(A)). Some tumors exhibited neu-
roblastic differentiation, i.e., cell processes with or without
filaments and neurosecretory granules (Figure 2(B)).
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Figure 3. Vascularity of POB CM and POB UN series neuroblastoma tumors. Tumor specimens for each of the respective cell lines were processed
and subjected to immunohistochemical staining for the vascular endothelial marker CD31 as described in “Materials and Methods” section. Tu-
mor sections were imaged as described in “Materials and Methods” section, and representative fields are shown at 100× magnification [panel
(A)]. The vascularity of these tumors was also demonstrated utilizing POB UN0092 tumor cells that were implanted subcutaneously in C57BL/6-
TgN(ACTbEGFP)1Osb (actin GFP) mice as described in “Materials and Methods” section. At day 17 post implantation, POB UN0092 tumors were
resected and processed for imaging via fluorescence microscopy as described in “Materials and Methods” section. Representative images are shown
at 100× magnification [panel (B)]. Tumor sections were also stained with DAPI to demonstrate the morphology of nuclei in both the tumor and
the endothelial cell compartments. The tumor vasculature within these sections is clearly delineated by the intense green fluorescence of endothelial
cells lining these vessels. Both approaches demonstrate that POB CM and POB UN series neuroblastoma tumors are highly vascular.

Investigation of tumor vascularity-CD31
immunohistochemistry/actin-GFP mice
Neuroblastoma tumors have been noted to be highly vas-
cular in the clinical setting, with a propensity for intratu-
moral hemorrhage in some patients. In addition, increased
tumor vascularity appears to correlate with more aggressive
tumor growth, increased propensity for concurrent presence
of metastasic disease, and adverse outcome in patients with
advanced neuroblastoma (28). To evaluate the vascularity of
both POB CM and POB UN series tumors, individual tumor
sections were subjected to immunohistochemical staining for
the vascular endothelial marker CD31 (Figure 3(A)). In addi-
tion, POB UN0092 cells were implanted into syngeneic actin-
EGFP transgenic mice. These mice have been engineered to
ubiquitously express GFP under the control of the actin pro-
moter (15). As a consequence, tumor implants are vascular-
ized by vessels that display intense expression of GFP. Vessel
density within tumor sections can be readily visualized and
imaged, and in conjunction with image analysis software, al-
lows for direct quantitative analysis of tumor vascularization
within tissue sections. Using immunohistochemical staining
for CD31, we have found that both POB CM and POB UN
series tumors are highly vascularized, consistent with human
neuroblastoma tumors (Figure 3(A)). Further, implantation
of POB UN series cell lines (UN0092) into actin-GFP mice
leads to the formation of highly vascular tumors in which
vascular density can be readily imaged with fluorescence mi-
croscopy and quantitated using image analysis software (Fig-
ure 3(B)).

Immunohistochemical assessment of neuronal markers
To investigate whether POB UN and POB CM series tumor
specimens expressed various neuronal markers in a manner
consistent with human neuroblastoma tumors, tissue arrays
containing the respective tumor specimens were subjected
to immunohistochemical staining as described in “Materials
and Methods” section. Markers that were examined included
neurofilament (NF), tyrosine hydroxylase (TH), synapto-
physin (SYN), chromogranin (CRG), and neuron-specific
enolase (NSE). Representative core sections for each tumor or
matched control normal tissue sections from murine cerebral
cortex and cerebellum were imaged at the indicated mag-
nifications (Figure 4). All tumor specimens demonstrated a
diffuse and intense pattern of immunohistochemical staining
for neurofilament within the tumor microenvironment [Fig-
ure 4(C), 100 × magnification], while a distinct geographic
pattern of differential staining was demonstrated in control
tissue sections from the cerebral cortex (Figure 4(A)) and
cerebellum [Figure 4(B)]. Variable expression of tyrosine
hydroxylase (TH) was noted in the respective tumor spec-
imens, and ranged from intense, diffuse expression of TH
(CM0002, CM0014, UN0092, UN0451), intermediate inten-
sity focal expression (CM0006, CM0246, UN0411), and lines
that were essentially minimal to no expression [CM0225,
UN0192, UN0264; Figure 4(D)]. Diffuse staining for synap-
tophysin was observed in all of the respective tumor cell
lines, although the staining was much less intense than that
observed with staining for either neurofilament or tyrosine
hydroxylase (Figure 4(E)). Weakly positive diffuse staining
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for chromogranin was noted in the respective cell lines
(Figure 4(F)).

Profile of catecholamine production within local tumor site
Human neuroblastoma tumors commonly produce excess
quantities of catecholamines, resulting in the presence of
increased catecholamine levels in the serum and/or cate-
cholamine metabolites in the urine (29, 30). Overproduc-
tion of catecholamines by neuroblastoma tumors can be uti-
lized for diagnostic purposes in patients with neuroblastoma
or for prospective monitoring of disease burden using urine
or serum catecholamines as a disease marker. To investigate
whether the respective POB CM and POB UN series tu-
mors similarly overproduced catecholamines in vivo, the cat-
echolamine content of these tumors was assayed as described
in “Materials and Methods” section.

Notably, the respective neuroblastoma tumors were found
to produce large quantities of norepinephrine, dopamine,
and epinephrine, in particular, compared with either con-
ventional murine neuroblastoma cell lines such as TBJ and
Neuro-2a, nonneuroblastoma tumors such as orthotopic
Renca murine renal cell carcinoma (Table 1), and normal tis-
sues including liver, kidney, and adrenal gland. Much lower
levels of catechols including DOPA, DOPAC, and DHPG
were noted within these same tumor specimens. Notably,

higher levels of norepinephrine and dopamine were observed
in spontaneous tumors compared with the respective trans-
plantable POB CM and POB UN series tumors (Table 1).

Microarray comparison by hierarchical clustering and
principal component analysis
To provide a comprehensive profile of the patterns of gene ex-
pression within neuroblastoma tumors established utilizing
the respective cell lines, snap-frozen specimens of both spon-
taneous and transplantable orthotopic intra-adrenal neurob-
lastoma tumors were prepared, and gene expression was eval-
uated using cDNA microarray as described in “Materials and
Methods” section. Normal tissue specimens including syn-
geneic murine adrenal gland, heart, rib cage, lung, kidney,
liver, brain, and spleen were used to provide a control ex-
pression profile for comparison. The relative similarity of the
overall expression profiles for the respective tumor speci-
mens and normal tissue specimens were compared utilizing
hierarchical clustering (HC) and principal component anal-
ysis (PCA) as described in “Materials and Methods” section,
and are shown graphically in Figures 5(A) and (B), respec-
tively. Notably, both spontaneous tumors and transplantable
POB CM and POB UN series tumors cluster in a pattern that
is entirely distinct from normal tissues, including adrenal,
heart, rib cage, lung, kidney, liver, brain, and spleen (Figure

Figure 4. Expression of neuroblastoma-related tumor markers by POB CM and POB UN series tumors. Tumor tissue arrays containing POB CM
and POB UN series tumors and matched normal control tissues were established as described in “Materials and Methods” section. These arrays
were subjected to immunohistochemical staining for markers including neurofilament (NF), tyrosine hydroxylase (TH), synaptophysin (SYN),
and chromogranin (CRG), and images of representative core sections (100× to 400× magnification where indicated) were obtained as described
in “Materials and Methods” section. Sections of cerebral cortex and cerebellum display specific and geographic staining patterns for each of the
respective markers at the indicated magnification [panels (A) and (B)]. Intense, diffuse expression of neurofilament [panel (C)] was noted in POB
CM and POB UN series tumors, while tyrosine hydroxylase [panel (D)] displayed the greatest range of expression and patterning between tumors.
Expression of synaptophysin [panel (E)] and chromogranin [panel (F)] was less intense than either neurofilament or tyrosine hydroxylase, but was
present in all tumors.
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Figure 4. Continued.
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Table 1. Catecholamine content of murine neuroblastoma and tumor cell lines

Tumor DHPG (pg/mg) NE (pg/mg) DOPA (pg/mg) EPI (pg/mg) DA (pg/mg) DQPAC (pg/mg)

Renca Cell line 68 52 141 200 226 –
mi Cell line 60 1, 805 646 191 279 –
TBJ Cell line 102 1, 073 161 260 925 1, 042
CM002 Tumor line – 16, 022 – 5, 352 1, 561 –
CM006 Tumor line 25 5, 372 53 567 1, 512 101
CM014 Tumor line 14 2, 489 46 423 1, 828 69
CM225 Tumor line – 6, 770 – 4, 129 – –
CM246 Tumor line 59 541 161 143 371 –
US092 Tumor line 68 8, 004 78 242 769 38
UN192 Tumor line 2 949 5 334 38 –
UH4I1 Tumor line 85 4, 121 148 167 658 –
US451 Tumor line 239 32, 446 157 316 3, 358 272
CM366 Spontaneous 113 27, 527 288 516 3, 766 –
CM620 Spontaneous – 21, 107 100 533 3, 359 540
CM599 Spontaneous 4 1, 196 72 214 1, 804 28
UN151 Spontaneous 161 19, 708 104 218 997 228
Liver Tissue – 123 173 218 172 –
Kidney Tissue 59 303 114 523 433 –
Adrenal gland Tissue 648 219, 111 663 500, 670 7, 727 –

Notes: Catecholamine levels for DHPG, NE, DOPA, EPI, DA, and DOPAC were measured in 4 spontaneous neuroblastoma tumors, and in 5 tumor lines derived from the 129svIM/J
(CM series) and 4 lines from the C57BL6/J strain (UN) series, as described in “Materials and Methods” section. For comparison, the TBJ and Neuro-2a neuroblastoma cell lines
were analyzed, as were normal tissues (live, kidney, adrenal) and a renal carcinoma tumor line (Renca).

5). More specifically, POB UN series tumors cluster together
and are distinct from POB CM series tumors, while both se-
ries of transplantable tumors cluster distinctly from sponta-
neous POB CM series tumors and normal tissues. Thus, the
analysis of global patterns of gene expression within these tu-
mor specimens demonstrates that POB CM and POB UN se-
ries tumors are most similar to other tumors with the same
background, and that the respective POB CM and POB UN
series tumors demonstrate gene expression patterns that clus-
ter distinctly from spontaneous tumors. A comprehensive
summary of the specific genes evaluated by this microarray
assessment and their patterns of expression within individ-
ual tumor specimens and normal tissue specimens can be ac-
cessed from an online database hosted by the Oncogenomics
Section, POB, NCI-CCR (at http://pob.abcc.ncifcrf.gov/cgi-
bin/JK).

Overexpression of selected genes in POB CM and POB UN
series tumors
The respective expression profiles for orthotopic POB CM
and POB UN series tumors were compared with a pooled
expression profile for murine normal control tissues (Ta-
ble 2). Using SAM analysis as described earlier, we identi-
fied a total of 3,705 differentially expressed genes, includ-
ing 1,142 genes that were overexpressed twofold or more;
and 2,563 genes that were underexpressed twofold or more
compared with pooled normal control mouse tissues. A to-
tal of 30 selected genes of potential clinical utility that are
highly expressed in POB CM and POB UN series tumors
compared with normal tissues are shown in Table 2 (see
http://pob.abcc.ncifcrf.gov/cgi-bin/JK for a full list of differ-
entially expressed genes). Overexpressed genes include fac-
tors that have been shown to promote tumor neovascular-
ization (Robo/Slit2) or inhibit apoptosis [survivin (Birc5),
Gsk3b], and a large number of genes that play a critical role in

cell cycle progression (including Aurora kinase, Cdk4, Chek-
1, Plk-1, minichromosome maintenance genes, and cyclins
A2, B1, B2, and D1). Other overexpressed genes of inter-
est include immune-modulating genes such as macrophage
migration inhibitory factor (Mif) and B7h3, neurofilament
(immunohistochemical marker found to be overexpressed by
POB CM and POB UN series neuroblastoma tumors) and
several other potential therapeutic targets including Hdac2,
nucleolin, nucleophosmin, topoisomerase 2a, and Uch11.

Downregulation of selected genes in POB CM and POB UN
series tumors
Compared with the expression profile of pooled normal
tissues, established POB CM and POB UN series tumors
demonstrate downregulation in the expression of several
physiologically relevant genes known to inhibit tumor neo-
vascularization or induce tumor cell apoptosis, tumor sup-
pressors, metastasis suppressors, and genes that mediate
the responsiveness of tumor cells to the host immune re-
sponse (Table 3). Antiangiogenic genes including Tipm2
and Timp3, Timp4, Cd47 (thrombospondin receptor), and
Zfp36l1 were downregulated in these tumors compared with
control tissues, as were several genes capable of mediating
apoptosis including annexin A5, Birc3, Bnip3/Bnip3 ligand,
caspases 6 and 12, clusterin, Dap, Foxo1, Gas1, Igf1, lympho-
toxin beta receptor, and Pten. In addition, the expression of
metastasis suppressor genes including CD9, cystatin C, cad-
herins 1 and 5, decorin, and Kai1 was reduced, as were tu-
mor suppressor genes including Dab2, Dkk3, Lats2, Ndrg2,
scotin, Tgfbr2, Wnt-4, and Wnt-5a. Lastly, a substantial re-
duction of CD44 was noted in POB CM and POB UN series
tumors compared with normal control tissues, as were sev-
eral genes encoding mediators of cellular responses to IFN-
γ , including the IFN-γ receptor as well as Stat-1, Stat-3, and
Jak-1.
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Figure 5. Hierarchical clustering and principle component analysis of the gene expression profiles of POB CM and POB UN series tumors and
matched normal tissues. The patterns of gene expression within spontaneous MYCN transgenic tumors, established POB CM and POB UN series
tumors, and matched normal control tissues were determined utilizing cDNA microarray as described in “Materials and Methods” section. These
gene expression profiles were compared using both hierarchical clustering [HC; panel (A)] as well as principal component analysis [PCA; panel (B)].
The global relatedness of the respective expression profiles can be graphically represented by their arrangement in a dendrogram [hierarchical clus-
tering, panel (A)] or by their positions in a three-dimensional space [principle component analysis, panel (B)]. These analyses demonstrate a close
correspondence in the global expression profile of these tumors, with tumors segregating that are distinct from normal tissues, and spontaneous
tumors clustering that are distinct from the respective POB CM and POB UN series tumors.

Confirmation of selected differentially expressed genes in
POB CM and POB UN series tumors
To confirm the differential expression of genes detected by
microarrays, we performed quantitative RT-PCR on a set of
11 genes including 8 that were upregulated (Aura, Birc5,
Ccnd1, Cdk4, Chek1, Mcm2, Plk1, and Slit2), 2 that were
downregulated (Clu and Foxo1), and a housekeeping gene
(GAPDH). We confirmed the significant differential expres-
sion, and as expected, the fold change in the differential ex-
pression was significantly larger by qRT-PCR than microar-
rays (Figure 6).

Cdk4 immunohistochemistry
We subsequently interrogated the POB CM and POB UN se-
ries tissue arrays to validate the local expression of Cdk4 pro-
tein, a key cell cycle gene that was found to be strongly over-
expressed in the POB CM and POB UN series tumors using
cDNA microarray. Notably, a significant expression of Cdk4
protein was noted within all tumors in the tissue array using
immunohistochemical staining (Figure 7), confirming the
utility of these tissue arrays for validation of the expression
of potential therapeutic targets within POB CM and POB UN
series tumors.

C
an

ce
r 

In
ve

st
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

IH
 P

at
ho

lo
gy

 L
ab

 o
n 

11
/1

2/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



 J. K. Stauffer et al.

Table 2. Unregulated genes in POB neuroblastoma tumor line RNA microarray analysis

Category Encoded protein, symbol Image clone Fold increase

Angiogenesis Robol BG078518 3.2
Slit2 615062 6.4

Apoptosis Survivin, Birc5 BG077309 3.9
Gsk3b BGK3622 2.5

Cell cycle Aurora kinase, Aurka BG077290 4.5
Cdc25a BGC80167 4
Cdca7 BG064984 3.1
Cdk4 BG087999, BG085009 4.2–4.6
Chek1 BG070939, AU022576 4.2–4.3
CydinA2, Ccna2 BG073518 4.1
CydinB1, Ccnb1 BG078426, 634707, BG071965 4.2–6.2
CydinB2, Ccnb2 BG071915 2.3
CydinD2, Ccnd1 BGC83088 5.1
Ezh2 634864, BG074931 2.5–2.9
Mcm2 BG074668 3.8
Mcm3 BG065055 3.7
Mcm5 BG064865 4
Mcm6 BG075357 4.4
Mcm7 BG074721 3.9
Plk1 BG078368 5.1

High-mobility group proteins Hmgb1 BG075297, BG086426 2.6–3.1
Hmgb2 BGC85427 4.2

Immune Mif BG077749 3.7
B7h3 BGC83832 2.1

Miscellaneous Baspl BG064661 6.6
Hdac2 BG086215 2.4
Neurofilament, NefI AU043877 9.9
Nucleolin, Ncl BG077519, AW541474, BG064932 3.6–4.7
Nucleophosmin, Npml BG074521, BG074522 4.4–4.9
Top2a BG079172, BG087390 5.1–5.3
Uchll BG067910, BG086722 7.2–8.8

In vivo growth characteristics and survival after IA, IV, or IS
tumor cell implantation
As described earlier, we performed studies to compare the in
vivo growth characteristics of the respective POB CM and
POB UN series cell lines after orthotopic intra-adrenal im-
plantation, and the formation of induced metastases after
the injection of these lines either intravenously (IV) or in-
trasplenically (IS) (Table 4). Injection of 2 × 105 cells ortho-
topically in the adrenal gland results in median survival times
ranging from 20 to 44 days for POB CM series lines and from
35 to 57 days for POB UN series lines. In these mice, the time
to 100% lethality ranged from 22 to 49 days for POB CM se-
ries cell lines and from 45 to 81 days for POB UN series cell
lines. Further, injection of 2 × 105 tumor cells intravenously
or intrasplenically results in the formation of metastases in
the livers of mice injected with 4 of the 5 POB CM series cell
lines versus 1 of 4 POB UN series cell lines. Collectively, these
studies demonstrate that POB CM and POB UN series cell
lines can be implanted to form primary and/or metastatic tu-
mors in syngeneic mice, and suggest that POB CM series tu-
mors may behave somewhat more aggressively than POB UN
series tumors.

DISCUSSION

The prognosis of patients with high-risk neuroblastoma
is guarded despite conventional therapy that incorporates
surgery, radiotherapy, combination chemotherapy, autolo-

gous stem cell transplantation, differentiating agents, and im-
mune therapy (31, 32). Patients with high-risk neuroblas-
toma are prone to relapse, and a subset of patients with par-
ticularly poor prognosis may nonetheless be refractory to this
aggressive “up-front” approach to therapy. There remains an
urgent need then to identify new therapeutic approaches for
patients with advanced neuroblastoma. Toward this end, the
present studies now describe a panel of novel transplantable
neuroblastoma tumor cell lines that we have derived from
spontaneous tumors in MYCN transgenic mice. Existing pre-
clinical studies have emphasized the use of xenograft mod-
els in which human neuroblastoma cell lines are transplanted
into immunodeficient mice or syngeneic models that utilize
murine neuroblastoma cell lines including Neuro-2a, TBJ,
and NSX2 (5). More recently, a unique transgenic mouse
model has been developed, in which tissue-specific over-
expression of MYCN under the control of a tyrosine hy-
droxylase promoter results in the development of sponta-
neous neuroblastoma tumors in the adrenal gland and the
paraspinal sympathetic chain ganglia (14). Spontaneous neu-
roblastoma tumors arise in these mice between 2 and 3
months of age, with substantial differences in tumor pene-
trance noted among the respective strains (14). In mice with
the 129svIM/J background, virtually 100% tumor penetrance
is noted, while much lower tumor penetrance is noted for
MYCN transgenic mice with the C57BL/6J background (un-
published observation). Using this model, new therapeutic
agents can be investigated in a tumor-bearing host that has
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Table 3. Downregulated genes in POB neuroblastoma tumor line RNA microarray analysis

Category Encoded protein, symbol Image clone Fold decrease

Angiogenesis Cd47 598502 5.3
Timp2 BG0S8451 4
Timp3 BG0S5154, BG055466 4.8–16.7
Timp4 BG0S4374 5.6
Zfp3611 BG0S6598.598609 9.1–11.1

Apoptosis Annenn A5, Anxa5 BG077508 2.8
Ba-c3 BG0S44O5, BGOS9214 2.1–2.6
Bnip3 BGOS7162 6.3
Bnip3L AW556222 2.4
Caspase-6, Casp6 475851, BG076240 2.6–4.0
Caspase-12, Caspl2 BG0S6S81 3
Chusterin, Chu BG072209 12.5
Dap BG0S4087 3.8
Gasl BGOS7671 3.6
Giiml9 40S866, BG0S6273 2.2–2.6
Lvmphotoxin beta R BG067106 4.2
Nftbl BG0S2106 3.3
Pten 619291, BGCS3236 3.2–3.6

Immune response B2-microglobulin, B2m BG063994.596438 4.0–5.3
Ifngr2 576679 2.2
Jakl BGCS7301, BG067S74 3.1–4.2
Jak2 BG0S1632 2.9
Stat-l 577484 2.9
Stat-3 BGO84377, BG076355 3.1–4.2
Stat-4 577343 3
Interieukn-18, II18 BG088827 6.7
Jam2 BG072316, BG07083 3–4.8

Metastasis suppressors Alpha-catemn 1, Catnal BG077688, BG066669, BG080026 2.2–5.0
Cadherin-1, Cdhl 605280 4.5
Cadherin-5, Cdh5 385761, BG077522 2.2–2.5
Decorin, Dcn BG0S8078, BG086986 4.6–5.6
Kail BG0S8538, BG087428 2.7–7.7
Cd9 BG0S7410 5.9
Cystatm C, Cst3 BG078926 5.3

Tumor suppressors Dab2 BG085400.599270, BG054928 4.2–11.1
Dkk3 BG0S8107 3.8
Klf4 BG064062, BG069413 4.2–10.0
Lats2 BG072604 10
Ndrg2 349612 10
Scotim BG074542 9.1
TGfbr2 BG0S5088 5.3
Wnt4 BG0S6084 2
Wnt5a 600775 3.7

Miscellaneous Cd44 BG068522 5.3
Foxol BG068406, BG084378 5.6–10.0
Foxo3 BG065768.621038 2.7–2.8
Idb3 AW557873 5.6
Igfl BG075165 7.1
Mxd4 BG074125 5.6

been conditioned by the complete dynamic process of neo-
plastic progression and tumorigenesis. Nonetheless, variabil-
ity in the timing for tumor development limits the practical
utility of this model for therapy studies or studies to investi-
gate the mechanisms of action by new therapeutic agents. To
expand the utility of the MYCN transgenic mouse model, the
present report describes a panel of novel transplantable cell
lines that we have derived from spontaneous MYCN trans-
genic neuroblastoma tumors, and studies to characterize the
histopathologic and molecular features of tumors established
using these respective POB CM and POB UN series cell lines.

To provide a high-throughput tool for the investigation of
the microenvironment of orthotopic POB CM and POB UN

series tumors, we have now constructed tissue arrays con-
taining these tumors as well as paired normal control tissues
including the adrenal, brain, liver, lung, kidney, heart, and
spleen. This represents the first use to our knowledge of tissue
array technology for investigation of the biology of neurob-
lastoma tumors. Evaluation of the histopathologic features of
these tumors demonstrates that they possess a range of char-
acteristics that are consistent with human neuroblastoma tu-
mors. Staining of the tissue array with hematoxylin and eosin
reveals that POB CM and POB UN series neuroblastoma
tumors are highly vascular with a predominance of rela-
tively undifferentiated small round blue cells, accompanied
in some tumors by more differentiated cells characteristic
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Figure 6. Taqman assays validate the results from microarray experiments. Box plots were used to demonstrate the expression levels of indicated
genes in tumor samples (T, n = 24) and normal mouse tissues (N, n = 23). Expression level of each gene is represented by –δCt (Ctgene – CtGAPDH).
The middle thick lines in box plots are medians, and the dots represent outliers. Fc represents fold change that was calculated as 2−δδCt using median
δCt for tumor (n = 24) or normal tissue (n = 23) groups and p values were determined by the Welch’s t-test.

of ganglion cells. In addition, variability in the relative stro-
mal content was observed across the different tumors, as
has been noted in the clinical setting (33). Although subse-
quent electron micrographic studies confirmed the predom-
inantly undifferentiated morphology of POB CM and POB
UN series tumor cells, these studies have also confirmed the
presence of neurosecretory granules, neuritic processes, and
neuropil within these tumors. Immunohistochemical stain-
ing of tumor tissue arrays further demonstrates that POB
CM and POB UN series tumors also express several mark-
ers that are commonly observed in human neuroblastoma tu-
mors (1), including neurofilament, chromogranin, tyrosine
hydroxylase, and, to a lesser degree, synaptophysin. Collec-
tively, these observations indicate that POB CM and POB
UN series tumors possess many of the histopathologic fea-
tures observed in both human neuroblastoma tumors (33,
34) and spontaneous tumors that arise in MYCN transgenic
mice (14).

To investigate the biochemical similarity of POB CM and
POB UN series cell lines to human neuroblastoma tumors,
we subsequently profiled patterns of catecholamine produc-

tion within these tumors. The production of large quantities
of catecholamines is a common feature of the majority of hu-
man neuroblastoma tumors, and an assay of catecholamine
levels in the serum (norepinephrine, epinephrine, dopamine)
and/or urine (homovanillic acid-HVA, vanillymandelic acid-
VMA) of patients with neuroblastoma is used both for di-
agnostic purposes at the time of presentation and as a tumor
marker that provides an indirect measure of disease burden
during therapy (35, 36). Looking at patterns of catecholamine
production directly within the tumor microenvironment,
we observed a marked overproduction of NE, EPI, and
dopamine both within spontaneous tumors from MYCN
transgenic mice and the respective POB CM and POB UN se-
ries tumors. Levels of DOPA and DA seemed to be somewhat
less in tumor lines as compared with spontaneous tumors,
while the levels of DHPG varied widely. Notably, the levels
of catecholamine production within these tumors far exceed
what is observed both within established non-neuroblastoma
tumors such as Renca murine renal cell carcinoma or normal
tissue. Levels in the murine neuroblastoma cell lines TBJ
and Neuro-2a fell within the range of variability seen in
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Figure 7. Expression of Cdk4 protein within the local microenvironment of POB CM and POB UN series tumors. Tumor tissue arrays containing
POB CM and POB UN series tumors and matched normal control tissues were established as described in “Materials and Methods” section. This
array was subjected to immunohistochemical staining for Cdk4 to confirm the expression of Cdk4 protein within the microenvironment of POB
CM and POB UN series tumors, and representative tumor and normal tissue cores were imaged as described in “Materials and Methods” section.
Specific geographic expression of Cdk4 protein is noted within the cerebral cortex and cerebellum [panel (A), 100× and 200× magnification],
while Cdk4 expression in representative sections of POB CM and POB UN series tumors is shown at 100× [panel (B)] and 400× [panel (C)]
magnification, respectively. Cdk4 expression is noted in the majority of POB CM and POB UN series tumor cells.

spontaneous and tumor lines. The variation seen in the
spontaneous tumors alone indicates that catecholmine
biosythesis is often amplified, but is not a uniform hallmark
of transformation.

The present report provides the first description to our
knowledge of the expression profile for murine neuroblas-
toma tumors that arise in MYCN transgenic mice. These ob-
servations further confirm the close correspondence between
POB CM and POB UN series tumors and biologic features
noted in human neuroblastoma tumors. Using a 13,958 gene
cDNA microarray chip, we have identified a close correspon-
dence in the pattern of gene expression within established
orthotopic POB CM and POB UN series tumors. Further,

although both hierarchical clustering and principal compo-
nent analysis indicate that established POB CM and POB
UN series tumors cluster distinctly from spontaneous tu-
mors, the differences between them were relatively modest,
and all tumor specimens cluster distinctly from normal or-
gans including adrenal, heart, lung, kidney, liver, and spleen.
Of interest, in future studies, would be to compare the ex-
pression profile of the spontaneous and passaged tumor lines
with in vitro cultured lines. Although the primary purpose
of this report is to develop serially transplantable cell lines for
murine neuroblastoma, we have been able to culture some of
the serially passaged lines in vitro (data not shown). As ex-
pected, the spontaneous tumors clustered separately from the
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Table 4. Survival and lethality times for mice orthotopically (IA) implanted with POB neuroblastoma lines. Hepatic metastatic burden also
provided for respective lines disseminated by IV or IS injection

LA (2 × 105 cells)

Tumor line Median survival (days) 100% Lethality (days) IV (2 × 105 cells) Hepatic metsb IS (2.5 × 105 cells) Hepatic metsb

UN092 35, n = 10 47, n = 10 0 0
UN192 38, n = 10 45, n = 10 ++++ ++++
UN264 44, n = 10 59, n = 10 0 0
UN451 57, n = 10 81, n = 9a 0 0
CM002 20, n = 10 34, n = 7a 0 +
CM006 22, n = 10 22, n = 10 0 0
CM014 27, n = 10 29, n = 10 + +
CM225 44, n = 10 49, n = 10 ++++ ++++
CM246 39, n = 10 49, n = 10 ++++ ++++
Notes: In vitro growth and survival characteristics. The POB UN and POB CM series of tumors listed were administered to groups of 10 mice orthotopically (IA, inter-adrenal),
and median survival and 100% lethality recorded in days. These same lines were also administered intravenously (IV) or intrasplenically (IS) and analyzed for the presence of liver
metastases as indicated prior to mice becoming moribund, as described in “Materials and Methods” section.
aAnimals censored from analysis for nontumor-related reasons.
bHepatic metastatic burden graded as follows: 0, none; +, 10%–20%; ++, 20%–50%; +++, 50%–90%; and ++++, 90%–100% livers displaying metastasis.

serially passaged lines, although the difference is modest
based on the hierarchal clustering distance shown in Figure
5(A). Given that we have not passaged these lines over a pe-
riod of years, we recommend that, prior to extensive experi-
mental use, cells be viably frozen into multiple early passage
aliquots. Further, as described in more detail in the following
sections, we found that POB CM and POB UN series tumors
express high levels of several genes that have been associated
with the pathobiology of neuroblastoma tumors and/or genes
that represent potential targets for the treatment of neurob-
lastoma.

Angiogenesis genes
Human neuroblastomas are well recognized to be highly vas-
cular tumors in the clinical setting, and previous studies sug-
gest that the increased tumor vascularity can correlate with
adverse outcome in patients with advanced neuroblastoma
(28). These observations have fueled intense interest in the
mechanisms that regulate the vascularization of neuroblas-
toma tumors (37–39). More recent studies have now shown
that interaction between Slit2 and its receptor Robo1 may
play an important role in regulating the vascularization of
melanoma tumors (40), another tumor that arises in cell pop-
ulations that are derived from the neural crest. A total of
three Slit family genes have been described (41), with these
genes playing a clear role in regulating both axonal guid-
ance and neuronal migration (42, 43). Robo is a transmem-
brane protein and includes four distinct family members
(41). Several-fold increases in the expression of genes encod-
ing both Robo1 and Slit2 were observed within POB CM
and POB UN series tumors. Recent studies have also demon-
strated that Robo2 appears to be overexpressed in poor prog-
nosis human neuroblastoma tumors and increased Slit3 ex-
pression can be observed in good prognosis neuroblastoma
tumors (25). Although the role of Robo and Slit family mem-
bers in regulating the neovascularization and/or metastatic
spread of neuroblastoma tumors remains to be defined, our
observations indicate that the role of this pathway in neurob-
lastoma tumors in vivo may be investigated using POB CM
and POB UN series tumors.

We also observed marked reductions in the expression of
the gene encoding CD47, a receptor for thrombospondin-1
(Tsp-1) (44). Thrombospondin-1 is a potent inhibitor of tu-
mor neovascularization (45), and gene methylation with re-
duced expression of TSP-1 has been described in human neu-
roblastoma cell lines (46). Retinoic acid can induce cellular
differentiation and the production of thrombospondin-1 by
neuroblastoma tumor cells, and thrombospondin-1 mediates
the ability of retinoic acid to induce this differentiation (47).
In turn, forced expression of CD47 in neuroblastoma tumor
cell lines has been shown to promote cellular differentiation
in vitro, including the formation of neurite extensions (48).
Thus, several lines of evidence suggest that reduced expres-
sion of CD47 and signals mediated by interactions between
thrombospondin-1 and CD47 could contribute to the patho-
physiology of neuroblastoma tumors. In turn, POB CM and
POB UN series tumors may provide a useful model system
for investigation of the role of thrombospondin-1 and CD47
interaction in regulating the biology of neuroblastoma tu-
mors.

We have also noted marked reductions in the expres-
sion of genes encoding the antiangiogenic mediators Timp2,
Timp3, and Timp4 within POB CM and POB UN series
tumors. TIMP molecules can suppress tumor neovascular-
ization and appear to exert their effects via inhibition of
the function of proangiogenic matrix metalloproteinases (49,
50). Reduced expression of TIMP molecules has been noted
in human neuroblastoma cell lines and/or tumor specimens
(51), and constitutive overexpression or retrovirus-mediated
delivery of the TIMP genes can inhibit the vascularization
and growth of murine neuroblastoma tumors in vivo (52, 53).
In light of their low levels of TIMP expression and ability to
form highly vascular tumors, POB CM and POB UN series
tumors may be well suited for investigating the biologic and
therapeutic effects of TIMP replacement therapy for neurob-
lastoma.

Apoptosis genes
Neuroblastoma tumor may possess a range of molecu-
lar alterations that may confer a resistance to apoptosis
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including the loss and/or silencing of proapoptotic genes
such as caspases (54, 55), death receptors including FAS (56)
and TRAIL-R (46), as well as overexpression of prosurvival
factors including survivin (57, 58), Bcl-2 (59), Flip (60), and
Akt (61, 62). There has been a significant interest in the role
of survivin, a key antiapoptotic protein, both in the patho-
physiology of neuroblastoma (57, 58) and as a potential ther-
apeutic target for neuroblastoma (63, 64). Survivin maps to
chromosome 17q25 (58), a region for which chromosomal
gains are commonly noted in advanced neuroblastomas (65,
66). Survivin is downregulated in cells induced to undergo
apoptosis by retinoic acid (67), an important agent in the
therapy of patients with high-risk neuroblastoma (31). In
turn, transfection of cells to overexpress survivin enhances
their resistance to apoptosis induced by retinoic acid in vitro
(58). The efficiency of survivin in enabling tumor cells to re-
sist apoptosis has focused attention on efforts to therapeu-
tically target survivin by utilizing approaches that include
small molecules, siRNA, and tumor vaccination (68, 69). Our
observations indicate that POB CM and POB UN series tu-
mors express high levels of survivin and, thus, may be partic-
ularly well suited for preclinical investigation of the mecha-
nistic role of survivin within neuroblastoma tumors, and ap-
proaches to therapeutically target this pathway in vivo.

Cell cycle genes
POB CM and POB UN series tumors also overexpress several
genes that play an important role in cell cycle progression,
including Aurora kinase A, Cdk4, Chek-1, Plk-1, minichro-
mosome maintenance genes, and cyclins A2, B1, B2 and D2.
Further, using immunohistochemical staining, we have con-
firmed the expression of Cdk4 protein within POB CM and
POB UN series tumors, and demonstrated the use of tissue
arrays for high-throughput validation of the expression of
target genes at the protein level within the microenvironment
of neuroblastoma tumors. The relative role of these respective
genes in the pathogenesis of spontaneous tumors that arise
in MYCN transgenic mice, and the POB CM and POB UN
series cell lines that we have derived from these tumors re-
mains to be defined. Nonetheless, several of these cell cycle
genes represent potential therapeutic targets for neuroblas-
toma that can now be directly evaluated using POB CM and
POB UN series tumors. More specifically, new therapeutic
agents that target cell cycle regulators including Aurora ki-
nase (70, 71), Cdk4 (72), Chek-1 (73), Plk-1 (74, 75), and cy-
clins (76, 77) have been developed and may warrant investi-
gation in this preclinical model of advanced neuroblastoma.

Metastasis and tumor suppressor genes
Although their role in the biology of POB CM and POB
UN series tumors remains to be defined, our present studies
have demonstrated significant decreases in the expression of
several genes with recognized activity as suppressors of tu-
mor metastasis, including Kai1 (78), cadherin and catenin
family members (cadherins-1, cadherin-5, alpha-catenin-1)
(79–81), decorin (82), CD9 (83), and cystatin C (84). Among
these genes, the low-level expression of Kai1 (85) has also
been described in human neuroblastoma tumors. Decreased

expression of several genes with reported tumor suppressor
activity was noted as well within POB CM and POB UN se-
ries tumors, including Dab2 (86), Dkk3 (87), Klf4 (88), Lats2
(89), Ndrg2 (90), scotin (91, 92), and Wnt family members
such as Wnt4 and Wnt5a (93, 94). Among these genes, re-
duced expression of Wnt-5a has recently been described in
human neuroblastoma tumors and cell lines, and treatment
with retinoic acid can increase the expression of Wnt-5a in
vitro (95). The respective POB CM and POB UN series tu-
mors may provide a useful model system then for investigat-
ing the impact of direct replacement of these genes on tumor
pathophysiology or the antitumor efficacy of novel agents
capable of modulating the expression of these genes within
POB CM and POB UN series tumors in vivo.

Immune response genes
Interferon-γ (IFN-γ ) plays a central role in mediating en-
dogenous immune surveillance mechanisms that regulate tu-
mor growth in vivo (96), and is an important downstream ef-
fector pathway for potent antitumor cytokines including IL-
12 (97), IL-18 (98), and IL-27 (99). In turn, IFN-γ acts on
target cells via binding to heterodimeric cell surface recep-
tors (IFN-γ -R), with resulting intracellular signals delivered
via activation of JAK1 and JAK2 tyrosine kinases that asso-
ciate with IFN-γ -R1 and IFN-γ -R2 subunits, respectively,
and subsequent activation and translocation of STAT-1 to
the nucleus (100). STAT-1 is also a central mediator of IL-
27 signaling (101), while STAT-3 and STAT-4 mediate in-
tracellular signaling by other potent antitumor cytokines in-
cluding IL-12 and IL-23 (102, 103). The present studies have
now demonstrated decreased expression of the genes that en-
code several key signaling intermediates that are critical com-
ponents of an evolving antitumor immune response. These
include diminished expression of several key components
of signaling pathways that mediate the effects of IFN-γ in-
cluding the IFN-γ receptor, JAK1, JAK2, and STAT-1 within
POB CM and POB UN series tumors. We also noted sub-
stantial decreases in the expression of genes encoding IL-18
as well as Stat-3 and Stat-4 within these tumors. Further,
as has been described previously in human neuroblastoma
cells (104, 105), we have found marked reductions in the ex-
pression of the gene encoding β2-microglobulin, a key com-
ponent of MHC class I T-cell receptor antigen recognition
complex. These patterns of gene expression suggest that POB
CM and POB UN series tumors could possess multiple alter-
ations that could confer a resistance to host immune response
mechanisms, in particular those mechanisms that are medi-
ated by IFN-γ .

Cheng et al. described the ability to generate a series
of isogenic cell lines from the original TH-MYCN trans-
genic mouse strain and analyzed their growth in Nude mice
(nu/nu). Tumors were suspended in Matrigel and were in-
jected subcutaneously. Although their analysis centered on
cytogeneics and ploidy, they did describe increased MYCN
(as expected in a transgenic model), odc (ornithine decar-
boxylase), mrp1, TH (tyrosine hydroxylase), and S100A6
gene expression. Our work confirms their finding of
TH expression. We did find ODC mRNA overexpression
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as found in our database (http://pob.abcc.ncifcrf.gov/cgi-
bin/JK), which will be released upon publication. We also
found that S100A6 expressed very highly in some normal tis-
sue, giving the appearance of low expression in our trans-
plantable or spontaneously arising tumors. However, our
demonstration of increased catecholamine production pro-
vides confirmation of the neuroblastoma origin of these sam-
ples and is relevant to the clinical disease, and supports their
findings at the functional level. Our work differed in that
we focused on an orthotopic transplantation within the same
strain, and focused on using gene expression array and de-
tailed pathological analysis to validate the similarity of these
tumors to those arising spontaneously.

Neuroblastoma is a complex disease with different gene
sets associated with stage, prognosis, and MYCN+ versus
MYCN(–) disease. Nevertheless, our previously published
analysis of patient tumors with poor outcome identified both
Robo2 and Slit3 as preferentially expressed transcripts in hu-
man disease, correlating with the finding of Robo1 and Slit2
in this report (25). Fischer et al. identified Robo1 as being as-
sociated with poor outcome as well (106). Two studies iden-
tified another of the genes we describe, survivin (BIRC5) as
upregulated in advanced neuroblastoma (107, 108). In the re-
port of Abel et al., a six-gene classification system for neurob-
lastoma was designed that includes another of the genes up-
regulated in our analysis, cyclinD1 (CCND1). If we include
MYCN, our mouse tumors express 3 of the 6 genes they re-
port as defining essential signatures for neuroblastoma sub-
types. The use of the MYCN transgenic mouse has helped to
define what the MYCN expression signature is, and our work
contributes to this body of work (109, 110).

The present studies demonstrate a unique approach by
utilizing spontaneous tumors in transgenic mice as a source
for the derivation of novel transplantable neuroblastoma tu-
mor cell lines, an approach that may be reasonably applied
to the development of a broad range of transplantable or-
thotopic tumor models from transgenic mice. In this report,
we demonstrate that established orthotopic POB CM and
POB UN series tumors possess a wide range of biochemical,
histopathologic, and molecular features that are consistent
with both spontaneous MYCN transgenic neuroblastoma tu-
mors, and conventional features of human neuroblastoma tu-
mors as well. We have also demonstrated the integrated use
of cDNA microarray for high-throughput characterization of
patterns of gene expression within POB CM and POB UN
series tumors and validation of the expression of potential
therapeutic targets (Cdk4) at the protein level within the mi-
croenvironment of these tumors using tumor tissue arrays.
The expression profile of these tumors highlights their po-
tential utility as model systems for investigation of several as-
pects of the biology of neuroblastoma tumors in vivo, and for
preclinical investigation of novel therapeutic agents that tar-
get the regulation of pathways including apoptosis, angiogen-
esis, cell cycle progression, and metastasis. Further, observed
reductions in the expression of several genes that may medi-
ate the responsiveness of tumor cells to the host immune re-
sponse, including components of the IFN-γ signaling path-
way, suggest that these tumors may afford particularly chal-

lenging models for the investigation of immunotherapeutic
approaches for the treatment of neuroblastoma. Collectively,
the current report describes important new tools for drug
discovery, and more specifically, for the investigation of novel
approaches for the treatment of advanced neuroblastoma.
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